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Introduction
Translocation of ions and small molecules across barriers of cellular membrane, lipid bilayers and solid supports is elicited by biological and artificial pore-forming compounds, which comprise protein, peptide and artificial molecules. Application of nanopores to biosensing holds much promise in developing highly sensitive methods because of their inherent ability of signal transduction and amplification.
Nanopore-forming compounds, such as receptor ion-channels, channel-forming peptides and synthetic channels embedded in spherical and planar lipid bilayers ( Fig. 1) , have been exploited as sensing elements for the development of biosensors and their uses for biosensing have been reviewed extensively. specific ligand-recognition ability, and hence their incorporation into lipid bilayers creates highly selective molecular sensing interfaces for ligands. Therefore, receptor ion channels have been a preferential choice for the development of biosensors. 3, 11, 13 On the other hand, peptide channels, such as gramicidin (pore size, 0.4 nm), α-hemolysin (pore size, 1.4 -2.6 nm) and streptolysin O (pore size, 30 nm), embedded in lipid bilayers lack the ability of recognizing ions or molecules at the interfaces. Therefore, receptor sites need to be introduced on either peptide channels or lipid membranes prior to their use in biosensors. In this review, we describe our approaches for designing highly sensitive and selective biosensing interfaces with gramicidin channels and mesoporous silica channels in lipid bilayer membranes, and also with glutamate receptor ion channels in biomembranes.
Gramicidin-based Biosensing
Gramicidin A is a pentadecapeptide that forms highly selective cation channels. The gating is known to occur by the formation and dissociation of a transmembrane dimer. The total length of the gramicidin dimer is about 2.5 to 3.5 nm. [14] [15] [16] The formation of the gramicidin dimer is associated with local stress on the bilayer structure caused by the thickness of the hydrocarbon region of a PC bilayer. 17 The kinetics of dimer formation is modulated by the membrane thickness, 16, [18] [19] [20] [21] [22] [23] [24] [25] the charges of the lipid head groups, 26, 27 the chemical structures of the head groups, 15 the structure of hydrophobic tails, 21, 29 and the cholesterol concentration. 30 Such regulation of the gramicidin function by the bilayer physical properties has been discussed extensively in a review. 17 Here we describe our approaches for designing molecular recognizing interfaces with gramicidin channels.
2·1 Immunoassay with a liposome array
Considering that the development of an array of biological compounds has become an important technology in a variety of fields such as bioanalysis, biotechnology and medicine, we intended to develop a liposome array with pH-sensitive dye (BCECF)-encapsulating liposomes, which allows direct fluorometric immunoassay in an array format. Immunoassays in an array format will be useful for the design of point-of-care testing and related techniques. [31] [32] [33] [34] As shown in Fig. 2 , the method is based on the immobilization of liposomes on a glass substrate and the modulation of gramicidin monomer/dimer kinetics by an immunoreaction at the bilayer surface, which leads to a pH rise of the liposome inner solution. 35 The pH rise results in augmentation of fluorescence emission from a pH-sensitive dye BCECF encapsulated in the liposomes. The advantage of the liposome array is that the assay procedure becomes simple because fluorescence emission is attained simply by incubation with an analyte and addition of gramicidin. Since the modulation of gramicidin kinetics occurs only at the analyte-bound bilayer, the assay does not require washing steps for B/F separation. The liposome array has been applied to the simultaneous determination of substance P (SP) and neurokinin A, both ranging from 1.0 × 10 -8 to 1.0 × 10 -6 g mL -1 . The liposome array is reusable by regeneration under a simple procedure. 36 The working principle of the reusable liposome array is shown in Fig. 3 . The liposome array was prepared by forming cleavable disulfide bonds between the lipid and silanized surface with a crosslinker. The lysis of liposomes with Triton X-100 and the cleavage of disulfide bonds between the lipid and silanized slip surface by reduction with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) regenerates the active sites for re-immobilizing liposomes. With the liposome array, simultaneous quantification was performed for growth hormone related peptides, i.e., GHRF and somatostatin, in a mixture.
SP is a member of the tachykinin family of neuropeptides and widely distributed in the central, peripheral, and enteric nervous systems of many species. 37 SP has been implicated in pain transmission, respiration, cardiovascular control, 38 and numerous disease states. [39] [40] [41] [42] [43] [44] Therefore, its accurate measurements in biological fluids are important for monitoring of various characteristics of health or disease and infection. Also, streptolysin O (SLO) is a 63 kDa exotoxin that damages cholesterol-containing membranes resulting in disruption and lysis of the target cell. 45, 46 Measurement of elevated levels of anti-streptolysin O antibody (ASO) in human serum are used for diagnosing streptococcal infections, such as rheumatic fever and glomerulonephritis. [47] [48] [49] [50] [51] [52] Quantifying SLO rather than ASO helps us to detect the early stages of exotoxin infections, where the production of ASO is not yet sufficient for detection with an ELISA method. There are a variety of methods for SP quantification in biological fluids.
In general, prior to quantification, the extraction of SP from biological fluids are adopted for enrichment of SP. However, this leads to an underestimation of the total SP amount because SP molecules bound to proteins such as human serum albumin and γ-globulins, which are major components in human serum, are likely to be eliminated. Consequently, it is preferable to measure SP levels without any extraction steps, especially after considerable dilution of biological fluids.
In order to allow highly sensitive and rapid determination of SP and SLO in highly diluted human serum, the gramicidinbased method was modified to include the procedure for enriching the analyte by agglutination/precipitation of immunoliposomes. 53 As shown in Fig. 4 , a mixture of the immunoliposomes encapsulating a pH-sensitive fluorescence dye BCECF, gramicidin A and a given concentration of SP (or SLO) is pre-incubated in a solution and captured on an anti-SP (or anti-SLO)-modified cover slip, followed by measurements of the fluorescence images after removal of excess liposomes. The method allowed us to quantify SP and SLO in the range from sub-pg mL -1 to pg mL -1 , with detection limits of 0.32 pg mL -1 and 8 fg mL -1 , respectively. Human serum albumin (HSA) (10 mg mL -1 ) and γ-globulin did not affect the quantification of 1.0 × 10 -12 g mL -1 SP. In the absence of SP, adsorption of immune-liposomes on the anti-substance P modified slip was observed, but the fluorescence intensity due to the non-specific adsorption was significantly smaller compared with that in the presence of SP, and its variation from five measurements was less than 6% (relative standard deviation).
Thus, the determination of SP and SLO in 50 -125 times diluted human serum was successfully performed within 60 min and without any extraction steps. The lower detection limit is comparable to that (0.25 pg mL -1 ) of the competitive fluorometric immunoassay, 54 but it is much superior to those of the liposome array method (sub-pg mL -1 ), 35 the radioimmunoassay (10 -20 pg mL -1 ), 55, 56 the solid-phase immobilized epitope immunoassay (6 pg mL -1 ) 57 and amperometric microimmunosensor (10 pg mL -1 ). 58
2·2 Planar bilayer lipid membrane sensors
Although free-standing planar bilayers have long been recognized to be mechanically unstable, recent advances in the bilayer formation technique demonstrates that mechanically stable bilayers can be formed, often semi-automatically. In some cases, the stable bilayer is portable. This has helped to accelerate the development of bilayer-based biosensors. Thus, the design of bilayer interfaces for achieving highly sensitive and selective molecular sensing is crucial.
There are two potential approaches for the design of biosensors based on gramicidin channels in planar lipid bilayers, as schematically shown in Fig. 5 . One approach is based on the direct, chemical modification of gramicidin channels with receptors (Fig. 5A) . [59] [60] [61] [62] The binding of ions or molecules (analytes) to receptor-tagged gramicidin modulates the kinetics of dimer formation in either free-standing or supported lipid bilayers. The modulation can be detected as changes in electric signals, such as admittance and ion currents. Another approach is to design a lipid bilayer to have receptor sites on the bilayer membrane rather than gramicidin, and cause local stress on the bilayer structure upon the selective binding of an analyte (Fig. 5B) . The local stress leads to modulation of the kinetics of dimer formation. [63] [64] [65] The membrane-bound receptor approach has the advantage that versatile receptors can be used to design bilayer interfaces, because the introduction of receptors becomes much easier by using the conventional crosslinking techniques. In addition, the number of receptor sites is independent from that of gramicidin channels, allowing the recording of a sensor signal based on a single gramicidin channel without deteriorating the dynamic range and sensitivity.
The first example of the membrane bound receptor approach was reported in 2003. 63 A planar bilayer lipid membrane (BLM) was designed to contain biotin-labeled phosphatidylethanolamine (biotin-PE) as the receptor and gramicidin as the signal transducer. When the receptor catches an analyte (avidin or ferritin-labeled avidin) at the membrane surface, the bilayer structure is locally distorted and the gramicidin monomer/dimer kinetics is modulated in a manner that the fraction of channel opening with a short lifetime ( 100 ms) to the total opening events increases. The fraction was found to increase with the concentration of avidin from 1.0 × 10 -9 to 1.0 × 10 -6 mol L Recently, the membrane bound receptor approach was improved to use an integrated channel current rather than the frequency of short-lifetime events as an analytical signal (Scheme 2 in Fig. 5B) . 65 The integrated current is a very easily accessible, amplified analytical signal. An anti-BSA antibody as receptor for bovine serum albumin (BSA) was covalently coupled to the amine moiety of phosphatidylethanolamine (DOPE(C18:1)) in a DPPC(C16:1)/DOPE(C18:1)/cholesterol bilayer. The integrated channel current due to gramicidin increased linearly with an increase in the BSA concentration ranging from 1.0 × 10 -9 to 1.0 × 10 -7 g mL -1 . The combination of such a bilayer system with modernized bilayer formation techniques will lead to the development of a practical bilayer sensor. 
MCM-41 Channel-based Biosensing
The development of artificial channels with larger stability is also important for developing channel-based sensors. The control of ion permeation through synthetic nanopore membranes prepared by using solid supports has been exploited for channel-based biosensing. [66] [67] [68] [69] [70] [71] [72] [73] However, the development of biosensors based on artificial channels still remains a challenge, because of the difficulty of synthesizing channel compounds and also of introducing receptor sites that possess a ligand (analyte)-gated on/off ability of ion permeation. Mesoporous silica MCM-41, first discovered in 1992, [74] [75] [76] [77] is the highly ordered channel that consists of a regular array of uniform, hexagonally shaped pores, whose diameter is adjustable in the range from 2 to 10 nm. Of interest is the possibility of chemically tailoring the pore outlet of MCM-41 with stimuliresponsive moieties. [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] These unique features make MCM-41 promising as an intramolecular multi-channel.
3·1 MCM-41 channel
The first use of MCM-41 (pore size, 2.8 nm) as a multichannel in planar bilayer lipid membranes (BLMs) was reported by us (Fig. 6A) . 89 The biotinylated MCM-41 (biotin-MCM-41) channels in a BLM exhibited rectangular-shaped channel currents at an applied electric potential of +80 or -80 mV, which was able to be controlled by avidin (analyte) in a solution. The channel function of MCM-41 has been assessed either in BLMs (PC:Chol = 4:1, w/w) formed by the folding method or in micro BLMs (PC:PE:Chol = 3:1:1, w/w) formed by the tip-dip method. 63, 64, 90, 91 The characteristic feature of the MCM-41 channel is the appearance of a stochastic channel current, which is ascribable to lipid molecules spontaneously penetrated into the pores. The molecular size (approximately 0.39 nm 2 ) of lipid (PE) 92 is significantly smaller than the pore area (6.2 nm 2 ) of MCM-41 (pore diameter 2.8 nm), and hence lipid molecules are movable in the pores.
The concentration dependence for avidin was compared between BLMs and micro BLMs. The behavior of biotin-MCM-41 channels in the micro BLM was very similar to that in the folded BLM. However, of interest is that the very magnitude of the integrated current obtained with micro BLMs can be used as an analytical signal, although different sets of micro BLMs are used. This suggests that variation in the number of biotin-MCM-41 channels in the small area (diameter, ~2 μm) of the BLMs was tiny. The integrated current decreased with an increase in the concentration of avidin ranging from 2.9 pM to 1.5 nM, showing that the MCM-41-based system has the potential of designing a highly sensitive sensing system.
3·2 Biosensing with lipid-loaded MCM-41
Loading lipid molecules into the nanopores of MCM-41 multi-channels provides an alternative approach for introducing receptor sites on MCM-41. Since lipid is hardly soluble in water, the coupling of the receptor to the amine moiety of lipid enables us to immobilize the receptor on the pore outlet of the MCM-41 channel. Modifying a receptor site on MCM-41 channels in planar lipid bilayers was performed in situ by covalently linking BSA to the amine moiety of PE loaded in the nanopores (Fig. 6B) . 93 BSA has the molecular size of 4 × 4 × 14 nm, 94 which is larger than the cross sectional area (6.2 nm 2 ) of MCM-41 pores. In addition, the pKa of the silanol group is known to be in the range of 5 -7 95, 96 and BSA (pI = 4.8) is negatively charged. Hence, BSA is unable to penetrate into the pores. Consequently, BSA is immobilized at the pore outlet. The lipid bilayers containing BSA-modified MCM-41 exhibited a stochastic channel-like current similar to that observed with the avidin-biotin system. The integrated current augmented in a concentration-dependent manner by the addition of anti-BSA at the fmol L -1 level. The detection limit for anti-BSA (MW = 150 kDa) was 0.2 × 10 -12 g/mL (1.3 fmol L -1 ), indicating that the BLMs containing BSA-modified MCM-41 channels is a highly sensitive system for anti-BSA. The formation of a polymeric complex between BSA and anti-BSA in a bath solution is responsible for the high sensitivity, because changes in the integrated current are not observed when BSA is absent in the solution. In addition, this phenomenon suggests that nonspecific adsorption of anti-BSA on the bilayer interface is negligible or does not occur.
3·3 Solid-phase fluorometric immunoassay
The combination of the channel-like transport of a fluorescent marker into the nanopores and its irreversible accommodation into the pores provides another approach for designing a highly sensitive sensing system with MCM-41. Such sensing strategy provides a highly sensitive and practical method because the marker is enriched in the pores and fluorescence emission from the solid phase can be directly measured. In addition, the confined nanospace has unique chemical and optical properties 97 that are different from a bulk solution because of the restricted freedom of dye movement, 98 a shift in acid-base equilibrium 99 and suppressed dimerization of dyes. [100] [101] [102] Such chemical features will be interesting for biosensing applications.
We reported a solid-phase fluorometric method using lipidloaded MCM-41 and a fluorescent dye (rhodamine B), where diffusional transport of the dye into the nanopores is regulated by the receptor (BSA) introduced at the pore inlet via the head group of the lipid (DOPE (C18:1) ). The working principle of the nanopore sensing system is shown in Fig. 7 , in which BSA is the receptor and anti-BSA antibody (anti-BSA) is the analyte. 103 The emission of fluorescence of the dye transported in the pores is measured based on solid-phase fluorometry. The lipid molecules in the pores provide binding sites for the introduction of the receptor but also they create a hydrophobic environment, which is effective for enhancing fluorescence of the accommodated dye. Upon binding to an analyte, the receptor gate allows for a suppression of the amount of the fluorescent dye going into the hydrophobic pores. Since MCM-41 spontaneously precipitates in a solution, capturing fluorescence images of its sediment enables us to quantify the analyte. Figure 7B shows the fluorescence images of sediment of BSA-modified DOPE(C18:1)-MCM-41 in the presence of 3.0 μM RB in a buffer solution (pH 7.4). Since fluorometric emission from the solution phase is negligibly weak, one can capture the image of the sediment without any removal of RB remaining in the solution. The fluorescence emitted from the solid phase weakened with an increase in the amount of anti-BSA. The mean fluorescence intensity decreased with an increase in the concentration of anti-BSA ranging from 1.0 × 10 -10 to 1.0 × 10 -7 g mL -1 with a lower detection limit of 1.0 × 10 -11 g mL -1 (S/N = 3, n = 3). The detection limit is superior to the limit of 60 ng mL -1 of radioimmunoassay 104 and 50 ng/mL of lab-on-a-chip immunoassay. 105 The major components in human serum, i.e., albumin from human serum (HSA) less than 1 × 10 -5 g mL -1 and γ-globulins from human blood (γ-G) less than 5 × 10 -6 g mL -1 , and uric acid (5 × 10 -6 g mL -1 ) did not interfere with the quantification of 10 -9 g mL -1 anti-BSA. These levels of HSA and γ-globulins correspond to the expected amounts of HSA and γ-G in human serum at 4 × 10 3 and 2 × 10 3 -times dilution, respectively. The signal transduction of the present system is due to the molecular gate-controlled diffusional transport and partition of a fluorescence dye into the lipid-loaded pores. Although this principle is not completely identical to those of natural ion channels and the corresponding artificial channels, where an electrochemical potential gradient and a concentration gradient are driving forces for ion fluxes, the comparison of signal transduction ability of the present system with those of real channels will be interesting. When a signal transduction factor was defined as a decrease in the amount (mol) of RB in the pores, caused by the binding of anti-BSA, to that of the anti-BSA present in the solution, the signal transduction ability of the present system was calculated to be approximately 10 10 molecules s -1 . The amplification abilities of natural ion channels are 10 6 ions s -1 for single glutamate receptor ion channel 91 and 10 7 ions s -1 for single gramicidin channel. 106 The signal transduction ability of the present MCM-41 system is markedly larger than those of the natural ion channels, due to the multi-pores of MCM-41.
Relevant references that are related to our approach are those of synthetic nanopore membranes, which detect biomolecules such as proteins [107] [108] [109] [110] and DNA [111] [112] [113] [114] by plugging the nanotube with the analyte, and that of mesoporous silica with a polyamine derivative as a molecular gate, which selectively recognizes ions such as ATP 4- and blocks the release of an optical marker. 115, 116 The versatility of the approaches, including ours, suggest that robust channel systems are promissing for creating sensitive biosensing methods.
Biological Channel-based Biosensing
The use of a natural receptor channel either isolated from or contained in a biomembrane as a sensing element has the advantage that the receptor recognizes a ligand (an analyte) specifically, and hence the natural receptor-based sensor is highly selective to the analyte. In addition, owing to its inherent ability of amplification, the sensor possesses high sensitivity; in some cases a single receptor molecule is sufficient for generating an analytically relevant signal. 91, [117] [118] [119] [120] [121] Excised biological membranes containing ion-channels of interest are prepared by the so-called patch-clamp technique. 122, 123 The patch-clamp technique has widely been used for studying the electrophysiological properties of biological membranes, especially allowing the recording of whole-cell or single channel currents flowing across biological membranes through ion channels. A patch-clamp sensor (abbreviated as a patch sensor) is constructed by excising a patch membrane. The natural receptor-based sensors have been exploited by several authors, [124] [125] [126] [127] [128] [129] including us. 130 The spatial resolution of a patch sensor (diameter <2 μm) is better than that (approximate 10 μm) of enzyme sensors.
4·1 NMDA receptor channel-based patch sensor
We constructed a microsensor of 1 -2 μm by excising an outside-out patch of biomembranes containing glutamate receptor (GluR) ion channels. 130 As shown in Fig. 8 , the excised membrane on a patch pipet evokes channel currents in response to L-glutamate. The excised membranes contained both N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. Recording currents in the presence of glutamate receptor antagonists revealed that NMDA receptors predominantly contributed to evoking the response because NMDA receptors have higher affinity to L-glutamate than AMPA receptors 131 and hence are activated at lower concentrations. The response increased in a sigmoid manner with an increase in the concentration of L-glutamate from 0.50 to 5.0 μM. With the patch sensor, we successfully detected the regional distribution of γ-aminobutyric acid (GABA)-induced L-glutamate released from acute mouse hippocampal slices. 130 More recently, we applied the patch sensor to monitoring L-glutamate released from the cornu ammonis 1 (CA1) region of hippocampal slices under tetraethylammonium (TEA) chloride stimulation, which induces chemically induced long-term potentiation (cLTP). 132 These examples illustrate the usefulness of the patch sensor for monitoring L-glutamate released in brain slices that are alive.
4·2 Implantable patch sensor
The use of patch sensors has been restricted to a living slice submerged in a bath solution in order to ensure efficient oxygenation and continuous movement of the solution around the slices. Hence, patch sensors so far reported detect L-glutamate that diffuses out of the slice (Fig. 8A) . 130, [132] [133] [134] To our best knowledge, one example of an implanted patch sensor has been reported in which an excised patch sensor was implanted in region dentate gyrus (DG) of submerged hippocampal slices for monitoring L-glutamate. 135 Considering the importance of monitoring L-glutamate in the vicinity of neurons in hippocampal slices, we investigated the implantation of a patch sensor into hippocampal slices not only in submerged but also interface preparations. 136 As shown in Fig. 8B , in the case of interface preparation, an artificial cerebrospinal fluid (ACSF) is run underneath the slice, and hence a bath solution is practically absent on/over the slice. Brain slices in interface preparation are useful for studying so-called long-term potentiation (LTP). An implantable patch sensor was prepared by excising the cell membrane in the cornu ammonis 3 (CA3) region of a hippocampal slice in submerged preparation and moving to the target neuronal region, followed by implantation in the target region. Then, the bath solution was removed by aspirating with a micropipette. These simple steps allowed us to prepare an implanted patch sensor having a lifetime of 3 -8 min. Although the lifetime was shorter than the 40 -50 min for the submerged case, we succeeded in monitoring release of L-glutamate in the CA1 region of mouse hippocampal slices under chemical stimulation with γ-aminobutyric acid (GABA) and potassium chloride (KCl). 136 
Conclusion and Prospective
The present article provides an overview of the recent progress in biosensing with pore-forming compounds. A variety of poreforming compounds, such as gramicidin A, MCM-41 and glutamate receptor channels, are useful for designing lipid bilayer interfaces with highly sensitive and selective molecular recognition ability. To be noted is that the pore-forming compounds do not always need to have receptor ability, as long as lipid bilayers are designed properly to possess the recognition sites that modulate the channel kinetics upon binding to analytes. In addition, not only spherical but also planar lipid bilayers, including biomembranes, can be used for the development of biosensors. Although a limited number of pore-forming compounds have been evaluated in this review, a wide range of other channel-forming compounds can be used together with modernized bilayer formation techniques.
Especially, α-hemolysin is attracting much attention for designing pores with molecular recognition ability. 7, 8, 10 We expect to see the development of bilayer sensors for practical application in the near future.
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